Research in contextCardiac hypertrophy is an independent risk factor for cardiovascular events and is characterized as an increase in cardiomyocyte size and cardiac dysfunction. Hence, there is an ongoing need to further investigate and develop efficient therapeutic agents to combat cardiac hypertrophy and fibrosis. TRPA1, which is characterized as a nonselective cation channel, was originally thought to be predominately expressed in primary nociceptive sensory neurons. Recent studies have shown that the TRPA1 was also widely expressed in the cardiovascular system and was involved in the regulation of several cardiovascular diseases. This study aimed to investigate the potential role of TRPA1 in cardiac hypertrophy and fibrosis development.Alt-text: Unlabelled Box

1. Introduction {#s0005}
===============

Pathological cardiac hypertrophy, which is defined as cardiomyocyte enlargement and cardiac contractile dysfunction, is an independent risk factor for cardiovascular events and eventually leads to heart failure (HF) and malignant arrhythmia \[[@bb0005], [@bb0010]\]. At the cellular and molecular levels, myocyte enlargement involves three basic processes, namely, extracellular stimulating signals, intracellular signal transduction and nuclear gene activation, which eventually induce the phenotypic changes associated with cell hypertrophy. However, the molecular mechanisms underlying cardiac hypertrophy are uncertain.

The transient receptor potential (TRP) superfamily has at least 28 members and is involved in diverse aspects of cellular function, including sensory perception and signal transduction \[[@bb0015], [@bb0020]\]. Evidence suggests that TRPC channels play a pivotal role in the development of cardiac hypertrophy \[[@bb0025], [@bb0030]\]. Transgenic mice with cardiac-specific TRPC6 overexpression exhibit aggravated pressure overload-induced cardiac hypertrophy and HF \[[@bb0035]\]. Similarly, TRPC1 knockout, in coordination with calcineurin/NFAT signaling, preserves heart structure and function in pressure overload mouse models \[[@bb0040]\]. Transient receptor potential ankyrin 1 (TRPA1), which belongs to the TRP channel superfamily, is an important target in oxidative stress and inflammatory diseases \[[@bb0045], [@bb0050]\]. Inhibiting the TRPA1 channel has been shown to attenuate fibrosis and the inflammatory response in ocular fibroblasts \[[@bb0055]\]. Increasing evidence has shown that TRPA1 is a modulator of physiological and pathophysiological cardiovascular events \[[@bb0060], [@bb0065]\]. However, whether the TRPA1 channel plays a role in cardiac hypertrophy and fibrosis remains unclear.

In the present study, we observe increased TRPA1 protein levels in the left ventricle of patients with dilated cardiomyopathy (DCM) and in a mouse model of pressure overload-induced cardiac hypertrophy. We demonstrate that TRPA1 channel inhibition protects the heart against hypertrophy and dysfunction and that macrophage differentiation and Ca^2+^-dependent signaling pathways are involved.

2. Materials and methods {#s0010}
========================

2.1. Human heart tissues {#s0015}
------------------------

Explanted, failing hearts were obtained from the left ventricles of DCM patients. Normal heart tissues were obtained from prospective multiorgan donors that were unsuitable for transplantation for noncardiac reasons. Written informed consent was obtained from the patients and donor families. All experimental procedures that involved human samples complied with the Declaration of Helsinki and were approved by the Human Research Ethics Committees of Renmin Hospital of Wuhan University (Wuhan, China).

2.2. Reagents {#s0020}
-------------

An anti-TRPA1 antibody (1:500 dilution) was obtained from Novus Biologicals (Littleton, CO, USA). The selective TRPA1 antagonists HC-030031 (HC) and TCS-5861528 (TCS) were purchased from R&D Systems (Minneapolis, MN, USA). Wheat germ agglutinin (WGA, 1:200 dilution) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies for T-CaMKII (1:1000 dilution), calcineurin (1:1000 dilution), GAPDH (1:2500 dilution), α-smooth muscle actin (α-SMA, 1:500 dilution), CD3 (1:200 dilution), and CD68 (1:200 dilution) were purchased from Abcam (Cambridge, MA, USA). An antibody for p-CaMKII (1:1000 dilution) was purchased from GeneTex (Irvine, CA, USA). Antibodies for CD206 (1:200 dilution) were purchased from R&D Systems (Minneapolis, MN, USA). Fluorescein isothiocyanate (FITC)-conjugated anti-CD206, allophycocyanin (APC)-conjugated anti-F4/80, phycoerythrin (PE)-conjugated anti-CD45 and FITC-conjugated anti-CD3 were purchased from BioLegend (San Diego, CA, USA). Secondary antibodies and goat anti-rabbit IgG were obtained from LI-COR Biosciences (Lincoln, NE, USA). All other chemicals were of analytical grade.

2.3. Animals and treatments {#s0025}
---------------------------

All experiments involving animals were approved by the Animal Care and Use Committee of Renmin Hospital of Wuhan University (Wuhan, China) and were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

Male C57BL/6J mice (8--10 weeks old; male; body weights of 23.5--27.5 g) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and were housed with controlled temperature and humidity conditions. The mice were allowed free access to food and water under a 12-h light-dark cycle in the Cardiovascular Research Institute of Wuhan University (Wuhan, China). The animals were randomly assigned into either a sham surgery group or a transverse aortic constriction (TAC) group. Subsequently, the mice in the TAC group were also randomly assigned into three groups. The four groups were named as follows: sham + vehicle (DMSO), TAC, TAC + HC and TAC + TCS. HC (10 mg/kg) and TCS (3 mg/kg) were administered for 4 weeks by gastric gavage daily. At the end of the study, the hearts and lungs were harvested and weighed to compare the heart weight/body weight (HW/BW, mg/g), lung weight to body weight (LW/BW, mg/g), heart weight to tibia length (HW/TL, mg/mm) and heart weight/tibia length (HW/TL, mg/mm) ratios in the mice. Then, left ventricle (LV) tissues were collected for further experiments.

2.4. Echocardiography and hemodynamic analysis {#s0030}
----------------------------------------------

Echocardiography was performed in anesthetized (1.5--2% isoflurane) mice using a Mylab 30CV ultrasound (Biosound Esaote) equipped with a 10-MHz linear array ultrasound transducer. The LV dimensions were assessed in the parasternal short-axis at the level of the papillary muscles. The heart rate (HR), LV end-systolic diameter (LVESd), LV end-diastolic diameter (LVEDd), interventricular septal thickness at end-diastole (IVSd), interventricular septal thickness at end-systole (IVSs), LV posterior wall thickness at end-diastole (LVPWd), LV posterior wall thickness at end-systole (LVPWs) and fractional shortening (FS) were measured.

Hemodynamics was measured in the mice using cardiac catheterization, and then a microtip catheter transducer (Millar Instruments, Houston, TX, USA) was inserted into the right carotid artery and advanced into the LV. Fifteen minutes after stabilization, the data were continuously recorded with a Millar Pressure-Volume System (Millar Instruments, Houston, USA) and measured using PVAN data analysis software.

2.5. Histological analysis {#s0035}
--------------------------

The hearts were fixed by perfusion with 10% formalin and embedded in paraffin. Subsequently, these tissues were cut transversely into 4- to 5-μm slides. To evaluate the cardiomyocyte cross-sectional area (CSA), the slides were stained with hematoxylin and eosin (HE) and WGA. Picrosirius red (PSR) staining was performed to assess the extent of fibrosis. The CSA and average collagen volume were determined using a digital image analysis system (Image-Pro Plus 6.0, Media Cybernetics, Bethesda, MD, USA).

2.6. Immunohistochemistry and immunofluorescence {#s0040}
------------------------------------------------

For immunohistochemistry, paraffin-embedded hearts were cut transversely into 4- to 5-μm sections. Next, the sections were deparaffinized and blocked with 10% bovine serum albumin. Then, the sections incubated overnight at 4 °C with primary antibodies and anti-rabbit HRP reagent (Gene Tech, Shanghai, China) at 37 °C for 60 min. Finally, the sections were visualized with diaminobenzidine (DAB) (Gene Tech, Shanghai, China) for 2 min at 37 °C and mounted with neutral gums. The sections were examined under a light microscope (Nikon H550L, Tokyo, Japan). For immunofluorescence, the sections were autoclaved for antigen retrieval and then blocked with 10% goat serum for 10 min. Next, the sections were incubated with primary antibodies against CD206 overnight at 4 °C. The sections were rinsed with PBS for 20 min before incubating with two different IRDye® 800CW-conjugated secondary antibodies for 60 min and subsequently counterstained with the SlowFade Gold antifade reagent containing DAPI.

2.7. Calcineurin activity assay {#s0045}
-------------------------------

The cardiac tissues were homogenized and centrifuged at 3000*g* for 5 min at 4 °C, and the total protein concentration of the supernatant was determined. The calcineurin activity was measured using a calcineurin activity assay kit (Abcam, MA, USA) following the manufacturer\'s instructions.

2.8. Quantitative real-time RT-PCR {#s0050}
----------------------------------

Total RNA was extracted from frozen mouse LV tissues using the TRIzol reagent. The RNA was reverse-transcribed into cDNA using oligo(dT) primers and the Transcriptor First Strand cDNA Synthesis kit (04896866001; Roche). In all groups, PCR amplification was quantified using the LightCycler 480 SYBR Green 1 master mix (04707516001; Roche), and the results were analyzed with the 2^−△△Ct^ method and normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression. The primer details are presented in [Table 1](#t0005){ref-type="table"}.Table 1Primers for quantitative polymerase chain reaction.Table 1GeneForward primer (5′-3′)Reverse primer (5′-3′)ANPACCTGCTAGACCACCTGGAGCCTTGGCTGTTATCTTCGGTACCGGBNPGAGGTCACTCCTATCCTCTGGGCCATTTCCTCCGACTTTTCTCβ-MHCCCGAGTCCCAGGTCAACAACTTCACGGGCACCCTTGGACollagen ITGGCCTTGGAGGAAACTTTGCTTGGAAACCTTGTGGACCAGCollagen IIIGTCAGCTGGATAGCGACAGAAGCACAGGAGCAGGTGTAGACTGFTGTGTGATGAGCCCAAGGACAGTTGGCTCGCATCATAGTTGIL-4GGTCTCAACCCCCAGCTAGTGCCGATGATCTCTCTCAAGTGATIL-10GCTCTTACTGACTGGCATGAGCGCAGCTCTAGGAGCATGTGTGF-βGACATGCCGCCTGGAGAAACAGCCCAGGATGCCCTTTAGTGAPDHAACTTTGGCATTGTGGAAGGCACATTGGGGGTAGGAACAC

2.9. Western blotting {#s0055}
---------------------

Proteins were extracted from the cardiac tissue using radioimmunoprecipitation assay (RIPA) buffer, and the protein concentration was measured using a BCA protein assay kit. The proteins (50 μg) were fractionated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), subsequently transferred onto an Immobilon-P membrane (Millipore, Beijing, China) by a gel transfer device (Invitrogen) and incubated with different primary antibodies. The membrane was incubated with secondary antibodies at room temperature for 1 h. The blots were scanned by a two-color infrared imaging system (Odyssey; LI-COR) to quantify protein expression. The protein expression levels were normalized to the corresponding GAPDH levels.

2.10. Flow cytometry {#s0060}
--------------------

Mouse hearts were harvested, minced into small pieces and then digested with collagenase II and dispase II (Sigma-Aldrich, MO, USA) in PBS for 30 min at 37 °C. The cell suspension was filtered, centrifuged, resuspended and blocked with a CD16/32 antibody. Then, the cells were stained with primary antibodies in FACS buffer for 30 min at 4 °C in the dark. Flow cytometry analysis was performed on a BD FACS Calibur using Diva 6 Software (BD Biosciences, San Jose, CA, USA). The results were analyzed using FlowJo Software V10.2 (TreeStar, OR, USA).

2.11. Cell culture {#s0065}
------------------

Bone marrow-derived macrophages (BMDMs) were isolated and plated in complete DMEM supplemented with murine macrophage colony-stimulating factor (50 ng/mL) and cultured for 5 days. The BMDMs were treated with HC (100 μM, dissolved in DMSO) or TCS (50 μM, dissolved in DMSO) with or without Ang II (100 nM) for 24 h to extract cellular RNA for mRNA analysis.

2.12. Statistical analysis {#s0070}
--------------------------

The results are expressed as the means ± standard deviation (SD). Statistical differences between 2 groups were determined by Student\'s *t*-test. Statistical comparisons among multiple groups were performed with one-way analysis of variance (ANOVA), followed by Tukey\'s post hoc test. P values \<0.05 were considered significant.

3. Results {#s0075}
==========

3.1. TRPA1 expression is increased in hypertrophic hearts {#s0080}
---------------------------------------------------------

To investigate the potential role of TRPA1 in pathological cardiac hypertrophy development, we first explored TRPA1 expression in failing human hearts and hypertrophic mouse hearts. The results indicated that TRPA1 expression was upregulated in human hearts with DCM ([Fig. 1](#f0005){ref-type="fig"}A). At 4 weeks after TAC surgery, the TRPA1 protein levels were significantly increased in mouse hearts in the experimental hypertrophic model compared with those in the sham-operated control model ([Fig. 1](#f0005){ref-type="fig"}B). Collectively, these data suggest that TRPA1 may be implicated in cardiac hypertrophy.Fig. 1TRPA1 expression is upregulated in the hypertrophic myocardium. (A) Representative Western blot and quantitative results of the TRPA1 protein levels in human heart samples from normal donors and patients with dilated cardiomyopathy (DCM) (n = 8; \*P \< 0.05 vs normal hearts). (B) Western blot analysis and quantitative results of TRPA1 expression in a murine model of cardiac hypertrophy induced by transverse aortic constriction (TAC). (n = 8, \*P \< 0.05 vs sham group).Fig. 1

3.2. TRPA1 inhibition improves impaired cardiac function after TAC {#s0085}
------------------------------------------------------------------

To further investigate the protective effect of HC and TCS against TAC-induced cardiac dysfunction, echocardiography and hemodynamic analysis were used to assess changes in cardiac function. Four weeks after TAC, the animals exhibited significantly increased LVEDd, LVESd, IVSd, IVSs, LVPWs and LVPWd and decreased FS. However, HC and TCS treatment markedly attenuated the cardiac dilation and LV dysfunction ([Table 2](#t0010){ref-type="table"}). The hemodynamic results showed that HC and TCS treatment improved cardiac contractility and diastolic function after TAC surgery ([Table 2](#t0010){ref-type="table"}). No significant difference in cardiac function was observed between the HC and TCS groups. These data indicate that TRPA1 inhibition blocks the pathological cardiac dysfunction induced by chronic pressure overload.Table 2Echocardiographic and and hemodynamic parameters in mice of each group.Table 2GroupsSham (n = 12)TAC (n = 12)TAC + HC (n = 12)TAC + TCS (n = 8)HR (beats/min)520.3 ± 36.2519.3 ± 41.4527.1 ± 33.2508.6 ± 39.1LVESd (mm)2.02 ± 0.163.12 ± 0.27[⁎](#tf0005){ref-type="table-fn"}2.57 ± 0.21[\#](#tf0010){ref-type="table-fn"}2.48 ± 0.17[\#](#tf0010){ref-type="table-fn"}LVEDd (mm)3.49 ± 0.224.28 ± 0.34[⁎](#tf0005){ref-type="table-fn"}3.87 ± 0.31[\#](#tf0010){ref-type="table-fn"}3.92 ± 0.29[\#](#tf0010){ref-type="table-fn"}IVSd (mm)0.68 ± 0.030.91 ± 0.05[⁎](#tf0005){ref-type="table-fn"}0.74 ± 0.04[\#](#tf0010){ref-type="table-fn"}0.77 ± 0.04[\#](#tf0010){ref-type="table-fn"}IVSs (mm)1.08 ± 0.041.41 ± 0.07[⁎](#tf0005){ref-type="table-fn"}1.22 ± 0.06[\#](#tf0010){ref-type="table-fn"}1.24 ± 0.06[\#](#tf0010){ref-type="table-fn"}LVPWd (mm)0.61 ± 0.030.86 ± 0.05[⁎](#tf0005){ref-type="table-fn"}0.72 ± 0.04[\#](#tf0010){ref-type="table-fn"}0.75 ± 0.04[\#](#tf0010){ref-type="table-fn"}LVPWs (mm)1.04 ± 0.041.46 ± 0.08[⁎](#tf0005){ref-type="table-fn"}1.20 ± 0.09[\#](#tf0010){ref-type="table-fn"}1.22 ± 0.10[\#](#tf0010){ref-type="table-fn"}FS (%)42.01 ± 2.3526.42 ± 2.58[⁎](#tf0005){ref-type="table-fn"}33.75 ± 2.32[\#](#tf0010){ref-type="table-fn"}35.25 ± 2.27[\#](#tf0010){ref-type="table-fn"}ESP (mmHg)102.4 ± 4.26141.1 ± 6.31[⁎](#tf0005){ref-type="table-fn"}143.9 ± 6.53[⁎](#tf0005){ref-type="table-fn"}140.3 ± 6.02[⁎](#tf0005){ref-type="table-fn"}EDP (mmHg)11.34 ± 2.1221.25 ± 2.34[⁎](#tf0005){ref-type="table-fn"}16.01 ± 2.23[\#](#tf0010){ref-type="table-fn"}16.78 ± 2.25[\#](#tf0010){ref-type="table-fn"}dP/dtmax (mmHg/s)8951 ± 4735608 ± 412[⁎](#tf0005){ref-type="table-fn"}6487 ± 398[\#](#tf0010){ref-type="table-fn"}6323 ± 376[\#](#tf0010){ref-type="table-fn"}dP/dt min (mmHg/s)−8564 ± 322−5981 ± 402[⁎](#tf0005){ref-type="table-fn"}−6893 ± 369[\#](#tf0010){ref-type="table-fn"}−6641 ± 345[\#](#tf0010){ref-type="table-fn"}[^2][^3][^4]

3.3. TRPA1 inhibition attenuates cardiac hypertrophy in vivo {#s0090}
------------------------------------------------------------

Next, we determined whether HC and TCS administration attenuates cardiac hypertrophy and HF. As shown in [Fig. 2](#f0010){ref-type="fig"}, substantial cardiac hypertrophy was observed in the mice subjected to TAC surgery compared with the sham-treated mice, as evidenced by the increased HW/BW and HW/TL ratios and CSA at the end of 4 weeks. Interestingly, compared with the TAC-treated mouse hearts, the HC- and TCS-treated mouse hearts exhibited markedly attenuated cardiac hypertrophy ([Fig. 2](#f0010){ref-type="fig"}A to F). Similarly, after TAC surgery, the mRNA expression levels of several hypertrophic markers, including atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and β-myosin heavy chain (β-MHC), were also significantly reduced in the HC and TCS-treated mice compared with the TAC-treated mice ([Fig. 2](#f0010){ref-type="fig"}G). No significant difference was observed between the HC and TCS groups. Together, these results indicate that TRPA1 inhibition prevents pathological cardiac hypertrophy.Fig. 2TRPA1 inhibition ameliorates pressure overload-induced cardiac hypertrophy. (A-D) The heart weight to body weight (HW/BW) (A), lung weight to body weight (LW/BW) (B), heart weight to tibia length (HW/TL) (C), and lung weight to tibia length (LW/TL) (D) ratios were determined in the indicated groups 4 weeks after TAC surgery (n = 10). (E) Histological analysis of heart slices was performed by HE and fluorescein isothiocyanate-labeled wheat germ agglutinin (WGA) staining to assess the cardiomyocyte cross-sectional areas 4 weeks after TAC surgery (n = 7; scale bar, 1000 μm for the upper set of panels and 50 μm for the lower panels). (F) Statistical results of the cardiomyocyte cross-sectional areas in different groups. (G) The relative mRNA levels of atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP) and β-myosin heavy chain (β-MHC) in the left ventricles of mice from the indicated groups (n = 8). \*P \< 0.05 vs sham group; \#P \< 0.05 vs TAC group.Fig. 2

3.4. TRPA1 inhibition ameliorates pressure overload-induced cardiac fibrosis {#s0095}
----------------------------------------------------------------------------

We performed PSR staining on cardiac tissue sections to evaluate fibrosis in mice from each group. Dramatic interstitial fibrosis was observed in the mice subjected to TAC surgery, but HC and TCS administration markedly attenuated this interstitial fibrosis ([Fig. 3](#f0015){ref-type="fig"}A and B). As shown in [Fig. 3](#f0015){ref-type="fig"}C, the mRNA levels of the fibrotic markers connective tissue growth factor (CTGF), collagen I and collagen III were markedly decreased in the hearts of the HC and TCS-treated mice compared with the hearts of the TAC-treated mice. No significant difference was observed between the HC and TCS groups. These data indicate that TRPA1 inhibition blocks the pathological cardiac fibrosis induced by chronic pressure overload.Fig. 3TRPA1 inhibition attenuates fibrosis in pressure-overloaded hearts. (A) Histological analysis of heart slices by PSR staining and α-smooth muscle actin (α-SMA) immunostaining to assess cardiac fibrosis (n = 7; scale bar, 25 μm for the upper set of panels and 50 μm for the lower panels). (B) Statistical results for the fibrotic areas in the indicated groups (n = 7). (C) Statistical results for α-SMA immunostaining in the indicated groups (n = 7). (D) The relative connective tissue growth factor (CTGF), collagen I and collagen III mRNA levels in the left ventricles of mice from the indicated groups (n = 8). \*P \< 0.05 vs sham group; \#P \< 0.05 vs TAC group.Fig. 3

3.5. TRPA1 regulates cardiac hypertrophy via Ca^2+^/CaMKII/calcineurin signaling {#s0100}
--------------------------------------------------------------------------------

Recent evidence has strongly suggested that Ca^2+^-dependent signaling pathways, such as CaMKII and calcineurin, are critical regulators of pathological hypertrophy in the heart \[[@bb0070], [@bb0075]\]. Thus, we investigated whether TRPA1 regulation in pressure overload-induced cardiac hypertrophy is associated with Ca^2+^-dependent signaling pathways. The results revealed that the pressure overload significantly increased calcineurin activity and protein expression in the myocardial tissue, while HC and TCS treatment significantly attenuated calcineurin activity and protein expression ([Fig. 4](#f0020){ref-type="fig"}A--B). Similarly, HC and TCS treatment significantly reduced pressure overload-induced CaMKII autophosphorylation ([Fig. 4](#f0020){ref-type="fig"}C). These data suggest that Ca^2+^/CaMKII and calcineurin signaling activation may be essential for TRPA1-mediated cardiac hypertrophy.Fig. 4Ca^2+^/CaMKII/calcineurin signaling is involved in TRPA1-regulated cardiac hypertrophy. (A) Western blots showing calcineurin expression in mice after TAC surgery (n = 8). (B) Measurement of calcineurin activity in the 4 groups. (C) Western blots showing the phosphorylation and total protein levels of CaMKII in mice after TAC surgery (n = 8). \*P \< 0.05 vs sham group; \#P \< 0.05 vs TAC group.Fig. 4

3.6. TRPA1 inhibition attenuated macrophage infiltration in cardiac tissues {#s0105}
---------------------------------------------------------------------------

Many studies have provided strong evidence that inflammatory cells are involved in the progression of pathological hypertrophy. Specifically, recent data have revealed that T cells and macrophages play a fundamental role in cardiac hypertrophy and fibrosis \[[@bb0080], [@bb0085], [@bb0090]\]. Consistent with previous reports, T cell accumulation was markedly induced by pressure overload in the heart after TAC surgery ([Fig. 5](#f0025){ref-type="fig"}A). Interestingly, flow cytometry revealed that HC and TCS treatment did not influence T cell infiltration ([Fig. 5](#f0025){ref-type="fig"}C). Therefore, we next examined whether TRPA1 inhibition regulated macrophage recruitment. As shown in [Fig. 5](#f0025){ref-type="fig"}A, pressure overload significantly increased macrophage infiltration into the hearts of the TAC-treated mice; however, relatively reduced macrophage infiltration was found in the hearts of the HC and TCS-treated mice ([Fig. 5](#f0025){ref-type="fig"}B). These results indicated that TRPA1 might regulate cardiac fibrosis through impacting macrophages.Fig. 5TRPA1 inhibition prevents pressure overload-induced macrophage infiltration in cardiac tissues. (A) Immunohistochemical analysis of CD3 and CD68 in heart sections (n = 7, scale bar, 50 μm). (B--C) Flow cytometry analysis of CD45^+^ cells and T cells (CD45^+^CD3^+^) in mice at 4 weeks after TAC surgery (n = 4). \*P \< 0.05 vs sham group; ^\#^P \< 0.05 vs TAC group.Fig. 5

3.7. TRPA1 regulates cardiac fibrosis via M2 macrophages polarization {#s0110}
---------------------------------------------------------------------

Considering that cardiac macrophages polarization plays a critical role in cardiac fibrosis \[[@bb0095], [@bb0100]\], we characterized the effect of TRPA1 inhibition on macrophages polarization. The immunofluorescence results revealed that pressure overload significantly increased the expression of CD206 (a marker of M2 macrophages) in hearts, whereas this effect was markedly attenuated by HC and TCS administration ([Fig. 6](#f0030){ref-type="fig"}A). Flow cytometry revealed that HC and TCS administration reduced pressure overload-induced M2 macrophages (CD45^+^F4/80^+^CD206^+^cells) accumulation ([Fig. 6](#f0030){ref-type="fig"}B). To determine the role of TRPA1 inhibition in regulating macrophage differentiation, we cultured BMDMs with Ang II stimulation and detected the expression of M2 cytokines by RT-PCR. The results showed that Ang II treatment significantly increased the levels of M2 cytokines (IL-4, IL-10 and TGF-β) and that TRPA1 inhibition markedly attenuated these levels ([Fig. 6](#f0030){ref-type="fig"}C). Therefore, TRPA1 is responsible for driving macrophages toward the M2 phenotype after pressure overload in hearts.Fig. 6TRPA1 inhibition reduces M2 macrophage polarization. (A) Immunofluorescence analysis of M2 macrophages (anti-CD206) in mice at 4 weeks after TAC surgery (n = 7). (B) Flow cytometry analysis of M2 macrophage (CD45^+^F4/80^+^CD206^+^) expression in mice at 4 weeks after TAC surgery (n = 4). (C) RT-PCR analysis of interleukin-4 (IL-4), IL-10 and transforming growth factor-β (TGF-β) expression in bone marrow--derived macrophages (BMDMs) cultured with and without Ang II (n = 8). \*P \< 0.05 vs sham group; ^\#^P \< 0.05 vs TAC group.Fig. 6

4. Discussion {#s0115}
=============

In this study, we clearly identified a new function and related potential mechanism for TRPA1 in pressure overload-induced cardiac hypertrophy and fibrosis. First, our study demonstrated that TRPA1 expression was noticeably upregulated in human pathological hearts and mouse hypertrophic hearts, suggesting that TRPA1 might be implicated in the processes of cardiac hypertrophy and failure. Moreover, we provided evidence that TRPA1 inhibition ameliorated cardiac hypertrophy development and improved cardiac performance, as well as cardiac fibrosis, in mice subjected to pressure overload. Importantly, the cardioprotective effects of TRPA1 inhibition were associated with suppression of M2 macrophage polarization, which resulted in decreased hypertrophy and cardiac remodeling and ultimately improved cardiac function. Furthermore, we noticed that TRPA1 inhibition induced the attenuation of Ca^2+^-dependent signaling pathways, including the CaMKII and calcineurin signaling pathways, leading to improved cardiac function.

TRPA1, which is characterized as a calcium-permeable cation channel, was originally thought to be predominately expressed in primary nociceptive sensory neurons and to mediate pain and inflammation \[[@bb0050], [@bb0105]\]. Evidence has strongly suggested that TRPA1 is expressed in a variety of tissues and cell types, including those of the cardiovascular system \[[@bb0110], [@bb0115], [@bb0120], [@bb0125]\]. An elegant study by Andrei et al. showed that TRPA1 was expressed in cardiomyocytes and that TRPA1 activation increased cardiomyocyte contractile function via a CaMKII-dependent pathway \[[@bb0130], [@bb0135]\]. Moreover, Oguri et al. demonstrated that TRPA1 expression in human cardiac fibroblasts and HC administration suppressed methylglyoxal (MG)-induced cardiac fibroblast proliferation and α-SMA expression \[[@bb0140]\]. In the present study, pathological hypertrophic responses and dramatic fibrosis were observed in mice subjected to TAC surgery. Furthermore, our study demonstrated that TRPA1 inhibition markedly blunted pressure overload-induced cardiac hypertrophy and fibrosis. This study indicates that TRPA1 represents an essential mediator of the pathological cardiac hypertrophy and fibrosis induced by pressure overload.

Ca^2+^-regulated signaling pathways have been shown to contribute to pathological cardiac hypertrophy and fetal gene activation. The Ca^2+^/calmodulin-dependent signaling pathways, including CaMKII and calcineurin, are considered central pro-hypertrophic signaling effectors in the myocardium \[[@bb0145], [@bb0150]\]. In the cytoplasm, activated calcineurin directly binds and dephosphorylates nuclear factor of activated T cells (NFAT), permitting its translocation into the nucleus, where it participates in hypertrophic gene expression \[[@bb0155], [@bb0160]\]. Ca^2+^/CaMKII can cross-talk with the calcineurin signaling pathway to regulate hypertrophic processes \[[@bb0165]\]. CaMKII is known to activate myocyte enhancer factor 2 (MEF2) on class II histone deacetylases (HDACs) via phosphorylation, thereby allowing MEF2 to induce hypertrophic gene expression \[[@bb0145], [@bb0155]\]. A previous report indicated that TRPC channels act as critical regulators to control pathological cardiac hypertrophy, which depends on CaMKII and calcineurin pathway integrity \[[@bb0170], [@bb0175], [@bb0180]\]. In this study, we hypothesized that TRPA1 experiences mechanical stress and activates pro-hypertrophic signaling responses. We found that CaMKII and calcineurin activity was upregulated in TAC-induced hypertrophic hearts. TRPA1 inhibition suppressed Ca^2+^-activated CaMKII and calcineurin. This evidence supports a key role of TRPA1 in mediating Ca^2+^ signaling pathways during cardiac hypertrophy development.

Inflammatory responses are important for the initiation and progression of pathological cardiac hypertrophy. Cardiac tissue consists of several types of inflammatory cells, including primarily T lymphocytes and macrophages. T cells and macrophages are recruited to the heart during cardiac disease pathophysiology and have emerged as important cellular components for targeting cardiac hypertrophy and HF \[[@bb0185]\]. Nevers et al. demonstrated that T cells are activated and infiltrate the heart in experimental mouse models of pressure overload \[[@bb0190]\]. Similarly, cardiac macrophages are specifically increased in response to pressure overload after TAC \[[@bb0195], [@bb0200]\]. Consistent with these studies, substantial T cells and macrophages infiltration were observed in mice subjected to TAC surgery. TRPA1 inhibition, however, significantly decreased macrophages infiltration but did not influence T cells levels.

Recent evidence has demonstrated that macrophages are heterogeneous immune cell populations and may be master regulators of inflammation and fibrosis. Modulating the diversity of macrophage phenotypes and functionality is an enticing strategy and could be an important therapeutic approach \[[@bb0200]\]. M1 macrophages are associated with inflammation and tissue destruction, whereas M2 macrophages are associated with tissue repair and fibrotic properties \[[@bb0205]\]. Several studies have demonstrated that activation of M2 macrophages is closely associated with enhanced fibrosis, whereas blocking M2 macrophage activation is associated with decreased cardiac fibrosis \[[@bb0095], [@bb0100]\]. In our study, we analyzed the macrophage phenotype in mice. The results revealed that M2 macrophage expression was increased in mice subjected to TAC surgery, whereas this effect was markedly attenuated by HC and TCS treatment. Emerging evidence has demonstrated that M2 macrophages secrete cytokines that promote fibrotic remodeling, including IL-4, IL-10 and TGF-β \[[@bb0095], [@bb0210]\]. Consistent with these studies, Ang II treatment significantly increased the levels of M2 cytokines, and TRPA1 inhibition markedly attenuated these levels. These results suggested a novel function of TRPA1 in regulating M2 macrophage polarization during pressure overload-induced cardiac fibrosis.

This study is subject to the following limitations. First, although HC and TCS are two of the most widely used TRPA1 blockers and nonspecific effects of these compounds have not been reported, TRPA1 KO mice may more precisely demonstrate the important function of TRPA1 in cardiac hypertrophy and fibrosis. Second, an increasing amount of evidence has demonstrated that the activation of inflammatory cells, such as macrophages, T cells, neutrophils and mast cells, plays a fundamental role in cardiac hypertrophy and fibrosis \[[@bb0200], [@bb0215], [@bb0220]\]. However, since T cells and macrophages are the most intensely investigated cells in cardiac tissue, we evaluated the roles of only T cells and macrophages in cardiac hypertrophy and fibrosis. Third, previous studies have thoroughly demonstrated the role of Ca^2+^-dependent signaling and its downstream signaling pathways in hypertrophic responses both in vivo and in vitro. Thus, we did not repeat this research.

In conclusion, we have provided novel insights into the roles of TRPA1 in regulating compensatory myocardial hypertrophy and fibrosis. Specifically, TRPA1 regulates pro-hypertrophic CaMKII and calcineurin signaling pathway activation in cardiomyocytes. Our study identified that TRPA1 inhibition protects against cardiac fibrosis by modulating M2 macrophage differentiation. Our data indicate that TRPA1 may be an attractive target for treating pathological cardiac hypertrophy and fibrosis.

Conflicts of interest {#s0120}
=====================

No conflicts of interests are declared by the authors.

Sources of funding {#s0125}
==================

This work was supported by the National Natural Science Foundation of China (No. 81170208).

Author contributions {#s0130}
====================

Zhen Wang, Yao Xu, Menglong Wang, Jianfang Liu and Jing Ye performed the study, analyzed the data, and wrote the manuscript. Zhen Wang, Yao Xu, Jing Ye, Menglong Wang, Huimin Jiang and Di Ye contributed to the acquisition of data and to manuscript preparation and revision. Zhen Wang, Yao Xu, Menglong Wang and Jun Wan conceived of the hypothesis and participated in the experimental design, data interpretation, and manuscript preparation and revision. All authors approved the final version of the manuscript.

[^1]: These authors contributed equally to this work.

[^2]: HR, heart rate; LVESd, LV end-systolic diameter; LVEDd, LV end-diastolic diameter; IVSd, interventricular septal thickness at end-diastole; IVSs, interventricular septal thickness at end-systole; LVPWd, LV posterior wall thickness at end-diastole; LVPWs, LV posterior wall thickness at end-systole; FS, fractional shortening; ESP, end-systolic pressure; EDP, end-diastolic pressure; dp/dtmax, maximal rate of pressure development; dp/dtmin, maximal rate of pressure decay.

[^3]: P \< 0.05 vs sham group.

[^4]: P \< 0.05 vs TAC group.
